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Abstract 
 
 Presented is an experimental investigation aimed at evaluating the use of fiber-reinforced 
cement composites (FRCCs) for improving the seismic behavior of hollow bridge columns. Five ¼-
scale rectangular hollow columns were tested under quasi-static lateral cyclic loading. No web 
reinforcement was provided to identify the sole contribution of FRCC on the shear performance. The 
main test variables included steel fiber volumetric ratio (1% or 2%), column length-to-depth ratio (2 
or 3), and the presence of coarse aggregates. All FRCC specimens underwent significant flexural 
yielding ultimately followed by shear failure. The specimen with the higher fiber ratio generally 
achieved the larger displacement ductility, and also showed the better energy dissipation capacity. For 
the specimens with 1% fiber ratio, the specimen with coarse aggregates exhibited slightly better 
performance than the one without coarse aggregates, which implies that the use of 1% fiber ratio did 
not guarantee the strain-hardening behavior even with the exclusion of coarse aggregates. 
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Nomenclature 
 
Ag  gross section area 
f’c compressive strength of concrete 
fy yield strength of longitudinal steel  
h column section dimension parallel to the loading direction 
l column length from the base to the loading point 
l/h column aspect ratio 
m   displacement ductility  
Pmax measured maximum lateral load 
Pn     nominal strength; calculated lateral load corresponding to the event of the extreme 
concrete compression fiber reaching the maximum allowable strain  
(taken as 0.003) 
Py yield strength; calculated lateral load corresponding to the onset of outmost bar  
 yielding 
δy yield displacement; measured displacement at the first yielding 
du measured displacement at the point of a 20% strength drop from the peak load 
g shear distortion 
   rotation from the column-footing interface to the section h away from it 
  /  rotation from the column-footing interface to the section h/2 away from it 
  , /  displacement component caused by the rotation   /  only 
   displacement component caused by the shear distortion g only 
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Chapter 1. Introduction 
 
1.1 Background and Motivation 
Many reinforced concrete (RC) bridges have been constructed throughout the world. Reinforced 
concrete bridge columns designed based on current codes are expected to endure significant 
displacement demands induced under design-level earthquakes. This can be typically accomplished by 
developing ductile plastic zones at their bases, which may also serve as primary sources for energy 
dissipation (Priestley 1996). Special attention should be placed on such plastic zones, in that the shear 
strength of RC columns degrades when the flexural ductility demand increases (ATC-6 1981). 
Moreover, the recent development of performance-based seismic design methodology has recognized 
that post-earthquake damage control must become an explicit design criterion in relation to repair cost 
(Fajfar 2000).   
The use of hollow columns has become increasingly popular in RC bridge construction (Yeh et 
al. 2002, Papanikolaou and Kapposr 2009), owing to their substantial benefits in comparison to 
columns with solid sections. A hollow section with a larger depth and concentrated flanges carries a 
greatly larger moment-of-inertia than solid sections with similar areas. However, the relatively small 
thickness between the inner and outer faces of a hollow section necessitates complicated confinement 
reinforcement for the longitudinal bars. Also, the inner transverse reinforcement tends to apply 
pressure to the inner concrete cover, so that it may spall off at high levels of axial strain, possibly 
resulting in a reduced ductility (Panpanioklaou and Kappos 2009). 
Until now, only a couple of research groups (Panpanikolaou and Kappos 2009, Yeh et al. 2002) 
have paid their attentions on RC hollow columns. Moreover, most of the studies focused on 
examining various confinement reinforcement details to develop proper methods of ensuring 
satisfactory ductility and relieving reinforcement congestion (Cheng et al. 2005, Mo et al. 2003, Mo et 
al. 2004, Yeh et al. 2002). In this study, an alternative method is investigated applying fiber-
reinforced cement composites (FRCCs), to improve the aforesaid issues in hollow columns.  
High performance fiber-reinforced cement composites (HPFRCCs), one classification belonging 
to FRCCs, are characterized by strain-hardening response under direct tension by developing multiple 
micro-cracks with assistance of engineered fibers (Kim et al. 2009, Li 2003, Naaman and Reinhardt 
2006, Rokugo et al. 2009, Kunieda and Rokugo 2006, Yang and Li 2010). When subjected to seismic 
forces, HPFRCC in comparison to normal concrete, are deemed to increase energy dissipation through 
fiber bridging over micro-cracks, and also improve damage control by providing excellent bond 
between reinforcing steel and cement composites (Parra-Montesinos 2005a). HPFRCCs generally 
show high ductility under both tension and compression in comparison to normal concrete (Han et al. 
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2003, Li 2003, Parra-Montesino 2005). Thus, confinement requirements may be relaxed in members 
of high reinforcement congestion by using HPFRCCs (Parra-Montesino 2005). Also, HPFRCCs may 
significantly increase the shear strength of structural members (Cheng and Parra-Montesinos 2010, 
Lequesne et al. 2011, Naaman et al. 2007). When subjected to seismic forces, in particular, HPFRCCs 
are deemed to improve energy dissipation through fiber bridging over micro-cracks and by providing 
excellent bond between reinforcing steel and cement composites (Li 2003).  
During the last decade, several leading research groups played major roles in large-scale 
experimental investigations for the effectiveness of HPFRCCs in earthquake-resistant structures. Most 
of them tested shear-dominated building components such as coupling beams, beam-column joints, 
slab-column connections, and infill panels (Canbolat et al. 2005, Cheng and Parra-Montesino 2010, 
Fukuyama 2006, Lequesne et al. 2011, Olsen and Billington 2006, Park and Yun 2010, Park and Yun 
2011, Parra-Montesinos et al. 2005). From the previous studies, it has been revealed that materials 
falling into the HPFRCC classification were effective in improving their seismic performance such as 
ductility, energy dissipation, and damage control.  
 
1.2 Objectivity 
The increased material cost of fiber reinforced cement composites(FRCC), compared with 
normal concrete, is one of the critical issues that impede the use of HPFRCCs in real construction 
projects. Nevertheless, little research was conducted to alleviate the material cost issue (Caballero-
Morrison et al. 2012, Lee 2007, Rohm et al. 2012, Zhang et al. 2013). Also, no tests have been done 
for hollow columns built with any types of FRCCs to date. Given the concerns, this study aims at 
evaluating the effectiveness of low-cost FRCCs on improving the seismic performance of hollow 
bridge columns. FRCCs with an inexpensive type of steel fibers are used to construct the plastic zones 
of hollow column specimens in this study.  
 
1.3 Thesis 
This thesis is organized into seven chapters. The topic and motivation for the study are described 
in the first chapter. A review of relevant literature about fiber reinforced cement composites (FRCC) 
and hollow columns that provides a basis for the project is presented in the second and third chapter. 
The material test method and results of material tests of seven different concrete and fiber reinforced 
cement composites (FRCC) are described in forth chapter. The experimental program of hollow 
column tests is described in the fifth chapter, including a detailed record of the design, construction 
and testing of the specimens. In sixth chapter, the result and analysis of hollow column test are 
explained. Final conclusion of this paper is organized in last chapter.  
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Chapter 2. Literature review of FRCC 
(Fiber Reinforced Cement Composite) 
 
2.1 Fiber Reinforced Cement Composite 
High Performance Fiber Reinforced Cement Composites (HPFRCC), developed and defined by 
Naaman (Naaman and Reinhardt 1995), is a composite material of fine aggregates, a super plasticizer, 
polymeric, cement, water, and short fibers such as steel, synthetic or natural organic. The reason why 
HPFRCC is called ‘Cementitious Composite’ is that it does not include coarse aggregates like Fiber 
Reinforced Concrete. It is developed to enhance the quasi-brittle manner under excessive loading and 
its long term durability. It exhibit superior behavior with large strain capacity after fist cracking, while 
Fiber Reinforced Concrete (FRC) exhibit strain-softening behavior. 
 
2.2 History of FRCC (Fiber Reinforced Cement Composites) 
To enhance the brittle tensile behavior of concrete, matrix is reinforced by short fibers. In 1874, 
Fiber reinforced concrete (FRC) was first patent. Fiber Reinforced Concrete has been researched and 
developed by several researchers for several practical purposes.  
Numerous fibers including steel, polymeric, glass, or carbon fibers were added and evaluated, as 
shown in Figure 1. Hooked and Torex (twisted) fibers have been generally used in earthquake-
resistance element (Namman 1999). Especially, twisted steel fibers create superior tensile 
performance with larger strength, strain and toughness capacity. PVA(Polymeric) fibers also used for 
earthquake resistance elements. In particular, high molecular-weight polyethylene fibers in volume 
fraction ranging between 1.5% and 2.0% have excellent tensile response. High performance fiber 
reinforced cement composites (HPFRCC) with PVA fibers have a larger strain capacity before 
damage localization than high performance fiber reinforced cement composites (HPFRCC) with steel 
fibers. 
Based on behavior of materials, fiber reinforced cement (FRC) were started to classify by the 
response of the composite as shown in Figure 2. In Japan, Ordinary ductile cement composites are 
also classified by performance as shown in Figure 3. 
Based on researches and studies, several fiber reinforced cement (FRC) were developed such as 
Ductile Fiber Reinforced Cementitious Composite (DFRCC), Fiber Reinforced Cementitious 
Composites (FRCC), Ultra High Strength Fiber Reinforced Concrete (UFC), Engineered 
Cementitious Composites (ECC) and High Performance Fiber Reinforced Cementitious Composites 
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(HPFRCC). Every fiber reinforced cement composites (FRC) has different materials and their own 
characteristics.   
 
2.3 Characteristics of FRCC 
The characteristic of fiber reinforced cementitious composites (FRCC) is strain-softening after 
first cracking. On the other hands, the main characteristic of high performance fiber-reinforced 
cement composite (HPFRCC) is strain-hardening after first cracking and multiple micro cracking in 
tension (Figure 4).   
Because tensile forces are transferred between cracks due to fiber bridging and pullout, high 
performance fiber-reinforced cement composites (HPFRCC) is their high tensile ductility. While 
providing an adequate level of ductility, HPFRCC in tension provides higher energy consumption. 
Because of fiber pullout occurred leading to successive many micro-cracks across a matrix, not 
localized cracks, tensile forces is transferred between diagonal cracks. Fibers provide better energy 
dissipation and stiffness retention without brittle failure. Moreover, high performance fiber-reinforced 
cement composites (HPFRCC) are effective in increasing shear strength, displacement capacity and 
damage tolerance.  
 
2.4 Mechanics of HPFRCC 
The response of fiber reinforced cement composites (FRCC) under uniaxial tension is strain-
hardening behavior. The deformation is macroscopically regarded as uniform, when a large number of 
cracks are densely distributed (Figure 5). 
Tensile stress transmitted across a crack with uniform crack opening as envisioned in a uniaxial 
tensile specimen (Li, 2003). When the fiber/matrix interface is too weak, pull-out of fibers occurs. On 
the other hands, when the interface is too strong, the springs cannot stretch, resulting in rupture and a 
small value of critical opening (Li, 2003). Because of both cases, complimentary energy can be 
reduced (C in Figure 6). If complementary energy is small, the crack will behave like a typical 
Griffith crack (Figure 6 (a)).  
If complimentary energy is large, the crack will remain flat as it propagates so that the steady 
state crack opening, as shown in Figure 6 (b). When a large number of cracks are densely distributed 
along the member, stress can be transmitted directly through the FRCC because of the effect of 
bridging fiber after first cracking.   
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2.5 Impact of FRCC on structures 
There are a lot of studies for improvement and evaluation of material properties and the 
development of design concepts for structures. As tensile behavior of HPFRCC is ductile, it has 
excellent shear capacity (Li et al. 1994). Structures which HPFRCC is applied may need less or no 
conventional steel shear reinforcements. 
JSCE recommendation of fiber reinforced cement composites (FRCC) gives structural safety 
verification for shear forces can be performed by calculating the design shear capacity as shown in 
Figure 7. 
   =    +    +    +      
where     : design shear capacity of linear member without shear reinforcing steel, excluding 
the contributions of fibers in fiber reinforced cement composites (FRCC);    : design shear capacity 
of shear reinforcing steel;    : design shear capacity of fibers in fiber reinforced cement composites 
(FRCC); and     : effective tensile force of axial term     in addition to    ,     and      
compromising the shear capacity of RC member. Value of     and      are the same as those for 
conventional RC member while a reduction of 70% is applied to     because cracks are allowed to 
occur in the service condition (JSCE 2007). 
Design capacity of cross-section can be determined reflecting the contribution of the design 
tensile yield strength of fiber reinforced cement composites (FRCC) to the steel reinforcement within 
the range of design ultimate tensile strain of fiber reinforced cement composites (FRCC) (Rokugo 
2009). Tensile stress of fiber reinforced cement composites (FRCC) is added as a component of 
tensile stress resultant in the assumption in stress and strain distribution in the section of an R/FRCC 
member (Figure 8).  
Fiber reinforced cement composites (FRCC) enhance bonding between reinforcing bars and 
concrete. Also, the use of the steel reinforcement is extended (Figure 9), because of good bonding 
between two materials which have different deformation capacity. Compatible deformation gives 
lower interface shear stress after micro-cracking. Enhanced bonding restraints spalling and helps to 
maintain the integrity of the structure by keeping reinforcing bars from buckling and corrosion, 
because it preserve the cover of concrete under large deformation. Figure 9 shows the contrasting 
behavior of R/C and R/ECC near the interface revealed in a cross-sectional cut of tension-stiffening 
specimens. 
High Performance Fiber Reinforced Cementitious Composites (HPFRCC) exhibit only fine 
cracks that do not stand out from distance, while the cracking of ordinary concrete structure cause a 
degradation of aesthetic appearance.   
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Crack width, controlled by fiber reinforced cement composites (FRCC), prevents corrosion of 
steel reinforcement, while crack forms, in reinforced concrete members, allow corrosive mass 
transport (Figure 12). The carbonation rate and chloride migration rate are suppressed obviously 
exhibiting higher corrosion protection capability than that of reinforced concrete members (Rokugo 
2009).   
  
2.6 Application of FRCC 
The previous test used fibers such as PVA, PE, hooked or twisted steel fibers for applying Fiber 
reinforced cement composites (FRCC). Detailed fiber properties used are summarized in Table 1. 
Owing to characteristics of fiber reinforced cement composites (FRCC), explained above, the use of 
fiber reinforced cement composites (FRCC) enhances the performance of earthquake resistant 
structure. The use of fiber reinforced cement composites (FRCC) for seismic structures has previously 
been studied. Previous experimental studies proved that fiber reinforced cement composites (FRCC) 
can improve ductility, shear capacity, compatible deformation between the matrix and reinforcement, 
and damage tolerance, especially for shear-critical regions such as slab-column connections (Cheng 
2010), beam-column connections (Parra-Montesions 2005), coupling beams (Canbolat 2004), and 
low-rise walls (Parra-Montesinos 2004).  
For instance, the use of high-performance fiber reinforced cementitious composites (HPFRCC) 
in coupling beams simplifies the reinforcement requirements (Figure 13). Specimen 1 consists of an 
RC coupling beam with diagonal reinforcement designed and detailed according to the ACI 318 Code. 
Specimen 2 consists of HPFRCC, containing PE fibers, with only conventional horizontal and vertical 
reinforcement. Specimen 3 and 4 consist of HPFRCC, containing PE and twisted steel fibers, 
respectively, with supplementary diagonal reinforcement and without confinement hoops. The 
structural performance of these precast HPFRCC coupling beams – specimen 2, 3 and 4 - under 
reversed cyclic loading shows adequate seismic behavior (Figure 13). The tests of HPFRCC coupling 
beams with simplified diagonal reinforcement exhibited higher shear strength and stiffness retention 
(Canbolat et al. 2005). Eliminating the transverse reinforcement around the diagonal bars lead to 
significant savings in time and workmanship at the site and provide good material quality control. 
Because the strain-hardening behavior of HPFRCC is ductile, it provides not only excellent 
ductility capacity but also better energy dissipation and stiffness retention without brittle failure 
(Naaman 2006). After first cracking, tensile stress still can be transmitted through bridging fibers of 
HPFRCC, and complementary energy is dissipated by the pullout behavior of bridging fibers. When 
multiple cracks are densely distributed along the members, the use of main steel reinforcement is 
extended, which would be the primary cause of higher energy dissipation capacity (Li 2003). Also, 
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both HPFRCC and main steel reinforcement remain compatible in deformation that gives lower 
interface shear stress and reduces splitting. In other words, multiple cracking improves bond 
characteristics, which is effective in preventing buckling of main steel bars. In addition, HPFRCCs 
simplify required confining reinforcements. As a result, construction difficulties and costs can be 
reduced (Parra-Montesinos 2005). 
 
2.7 Code of FRCC 
Current design code for fiber reinforced cement composites is not specific. ACI Committee 544, 
RILEM technical Committee 162-TDF and the Italian Board of Standardization proposed 
recommendation for fiber reinforced concrete.  
 
2.7.1 Japan Society of Civil engineers (JSCE) 
A research Committee on Ductile Fiber Reinforced Cementitious Composites was established 
within the Japan Concrete Institute (JCI) to investigate such ductile materials and structural uses 
(Figure 14). The Research Subcommittee on Fiber Reinforced Mortar with Multiple committee report 
(JSCE 2005a). In March 2007, JSCE published a recommendation titled Design and construction of 
HPFRCC Structure (Rokugo et al. 2009). Contents of JSCE recommendations for HPFRCC specify 
structural performance, serviceability and resistances to the environmental actions (Yokota et al).  
 
2.7.2 ACI committee 544 
ACI Committee 544 discussed the design procedures based on fiber meeting that specification. It 
is about proportioning, mixing placing finishing, and testing for workability of steel fiber reinforced 
concrete. Because ACI Committee 533 is under development, designers often work under the usual 
assumption of behavior of concrete. ACI 544.4R-88 is about design consideration for steel fiber 
reinforced concrete. Mechanical properties of fiber reinforced concrete are discussed. The typical 
applications of fiber reinforced concrete are listed such as slabs and beams. 
 
2.7.3 Eurocode 
Design method of steel-fibre-reinforced concrete is described. Components of concrete for 
affecting behavior of concrete and affecting structural behavior are explained. Fibre reinforced 
concrete for structural applications is explained for the use of design constitutive laws to consider the 
post-cracking residual strength provided by fibre reinforcement. The contribution of the fibres can be 
deterimed by suggested equations to apply for improving shear strength of beams walls and slabs. The 
minimum requirement of FRC for structures to omit secondary reinforcement is explained. 
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Chapter 3. Literature review of hollow columns 
 
3.1 Hollow Columns  
For reinforced concrete bridge construction, the use of hollow columns may introduce significant 
benefits in comparison to solid columns. It may introduce a significant cost savings in materials and 
equipment during construction of the columns and their foundations.  
Unlike columns used in building frames that are typically designed following the weak beam-
strong column philosophy for seismic resistance (Paulay and Priestley 1992), bridge columns are 
expected to have ductile flexural hinges at their bottoms under design-level earthquakes so as to 
function as primary sources for energy dissipation (Priestley et al. 1996). 
 
3.2 Differences between solid and hollow columns 
Differences may exist between the shear-resisting mechanisms of solid and hollow columns 
subjected to lateral loading. The distribution of shear flow in hollow sections is different from that in 
solid sections (Turmo et al. 2009), and could be very similar to that in thin-walled tube sections; shear 
stresses are generally parallel to the boundaries of the section (Figure 15). 
Even if solid columns are popular for columns due to simplicity of construction, hollow columns 
resist the high moment and shear demands by reducing the self-weight and the high bearing demand 
on foundations, maximizing structural efficiency of the strength –mass and stiffness-mass ratios and 
reducing the mass contribution of the column to seismic response. Hollow columns maximize 
strength-mass and stiffness-mass ratios and to reduce the mass contribution of the column to the 
seismic response and demand on foundations. Hollow columns may dissipate energy by forming 
ductile plastic hinges when they are subjected to seismic or other lateral forces.   
Hollow column results in larger flexural strength and stiffness than solid columns with the same 
mass. Using hollow columns is economical by minimizing the weight of concrete members or the cost 
of concrete (up to 70%).  
 
3.3 Properties of hollow columns 
When reinforcing bar is subjected to cyclic loading, the reversal branch of the stress-strain 
relationship is parabolic, which phenomenon is termed a softened branch relation. The maximum 
strength is less than the maximum strength from a monotonic tensile test. The strain corresponding to 
the maximum stress in the condition of lo-cycle fatigue is approximately three to five times the yield 
strain, and the ultimate strain and stress is about seventy percent of that obtained in a tensile test (Mo 
et al. 2002). 
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Using hollow columns instead of solid columns maximize structural efficiency of the strength-
mass and stiffness-mass ratios. A hollow section with a larger depth and concentrated flanges carries a 
significantly larger sectional moment of inertia than solid section with similar area. Hollow columns 
resist the higher moment and shear demand by reduction in seismic mass (Lignola et al. 2008) 
Unlike solid columns, the inner spiral does not contribute to the strength and ductility of 
confined section.  In thicker hollow section, the additional inner spiral led to reduce ductility 
(Papanikolaou and Kappos 2009). Using transverse links, which tied outer spirals and inner spirals, 
increase strength and ductility because the confining action of inner spiral is transferred by the links 
tensile action towards the outer spiral. 
 
3.4 Preview for previous hollow column tests 
Several different types of hollow columns were previously tested and studied (Cheng et al. 2005, 
Howser et al. 2010, Kim et al. 2011, Mo et al. 2002, Mo et al. 2003, Mo et al. 2004, Yeh et al. 2002), 
as shown in Figure 16 and Table 2. Design details of the investigated hollow columns and their test 
results including the failure mode, displacement ductility, and maximum load are summarized in 
Table 2 and Table 3.  
Based on previous studies of hollow columns (Table 2 and Table 3), most of the studies focused 
on examining various confinement reinforcement details to develop proper methods of ensuring 
satisfactory ductility and relieving reinforcement congestion (Cheng et al. 2005, Mo et al. 2003, Mo et 
al. 2004, Yeh et al. 2002). Those tests showed that specimens with higher-strength concrete had 
greater ductility. Ductility factors for hollow column range from 4.3 to 10.8 for flexure failure. 
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Chapter 4. Material test of HPFRCC 
 
As noted earlier, only compressive strength data were acquired for the normal concrete or fiber-
reinforced cement composites (FRCCs) used to construct the hollow column specimens. Thus, seven 
types of cement composites similar to those used in the column specimens were prepared (see Table 4) 
and further investigated by detailed compressive, splitting tensile and direct tensile tests; the 
proportions of the components in each mix case were the same as those used in the column specimens, 
but the materials used were different from those in the column specimens.  
Table 4 shows the mix design of seven different cement composites. Accurate strain 
measurements were conducted in the compressive and direct tensile tests.   
The first letter in the case names designates the inclusion (“G”) or exclusion (“S”) of coarse 
aggregates. The second letter “F” and following number indicates the volumetric fraction of the steel 
hooked fibers in percent. Note in the mix design that the volume of steel fibers, if any, was taken from 
the volume of aggregates, and coarse aggregates (gravel) were replaced by fine aggregates (sand) in 
SF1 and SF2. The number, 25 and 10, in parenthesis is the maximum size of coarse aggregates. At 24 
hours after casting, the material test specimens were taken out of the molds, and placed in a water 
tank for additional eight weeks for moisture curing. All specimens were tested in a dry condition at 
the age of 60 days including one day for drying. For each mix case, at least three specimens were 
tested for each of compressive, splitting tensile and direct tensile tests. 
The main properties of the fibers, which are same as hollow column tests, are provided in the 
Table 5.  
 
4.1 Test methods 
4.1.1 Compressive tests 
The compressive tests followed ASTM C39 test for compressive strength of cylindrical concrete 
specimens. Cylinder specimens having a diameter of 100 mm (4 in.) and a length of 200 mm (8 in.) 
were tested. The top and bottom of the cylinder specimens were properly grinded and capped with 
neoprene pad caps (ASTM C1231) to ensure a uniform load distribution. Three linear variable 
differential transformers (LVDTs) were installed along the perimeter of the specimen to measure the 
longitudinal strains (Figure 17), with the gage length of 90 mm (3.54 in.) to measure the longitudinal 
strains. Experimental tests were carried out by 1500kN hydraulic universal testing machine. The tests 
were displacement controlled, with a velocity of 0.5mm/min. 
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4.1.2 Splitting tensile tests 
Splitting tensile test is widely used for normal concrete and easy to perform due to its simplicity. 
This method is preferable for brittle material testing where complete failure occurs with a sing crack 
(Hassan and Mahmud 2012). The Splitting tensile test was in accordance with the ASTM C496 test 
for splitting tensile strength of cylindrical concrete specimen. Cylinder specimens having a diameter 
of 100 mm (4 in.) and a length of 200 mm (8 in.) were tested for splitting tensile tests. Experimental 
tests were carried out by 1500kN hydraulic universal testing machine. The tests were displacement 
controlled, with a velocity of 0.5mm/min. The load is applied diametrically and uniformly along the 
length of cylinder until the failure of the cylinder along the vertical diameter. 
 
4.1.3 Direct tensile tests 
The dog bone shape specimens were used for direct tensile test. The dimension of specimens is 
533mm x 127mm, as shown in Figure 18. The design details of the specimen were similar to those 
developed by the University of Michigan research group (Gustavo and Wight). Three specimens for 
each case were tested. The specimens were demoded about 24 hours after casting. Two embedded 
layers of steel wire mesh for each side of the dog-bone specimens are used to reinforce both ends of 
the specimen to avoid failure outside of the gage length. The gage length of the dog bone type tensile 
test specimen is 178mm. Two linear variable differential transformers (LVDTs) with gauge length of 
178mm were attached along the sides of the specimen in the loading direction. At least three tests 
were conducted for each case. Experimental tests were carried out by 150kN hydraulic universal 
testing machine. The tests were displacement controlled, with a velocity of 0.5mm/min based on the 
JSCE recommendation (JSCE 2010). 
  
4.2 Test results 
The strength results of compressive, splitting tensile and direct tensile tests are summarized in 
Table 6, and also plotted in Figure 19. The splitting tensile strengths were roughly one-tenth of the 
compressive strengths, while the direct tensile strengths were 16 to 40% smaller than the splitting 
strengths. In the result of direct tensile tests, the cases with no coarse aggregates had larger strengths 
than the case with them. Also, the maximum size of coarse aggregates does not affect strength. 
Between the cases without coarse aggregates, SF2 having 2% fibers showed greater strengths than 
SF1 having 1% fibers; by about 20% in compression and by about 60% in tension. This suggests that 
the use of the higher fiber ratio improved the compressive strength as well as the tensile strength. In 
contrast, the strengths of GF0 having no fibers were greater than those of GF1 having 1% fibers, when 
comparing the cases with coarse aggregates. This was possibly because numerous unfavorable pores 
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were formed due to the conflict between coarse aggregates and hooked steel fibers in the relatively 
small specimen molds.  
 
4.2.1 Compressive test results 
The compressive stress-strain responses of all seven cases are summarized in Table 7 and 
plotted in Figure 20. The average of the three LVDT measurements (installed along the 
perimeter of the cylindrical specimen) was used to estimate the compressive strain at a given 
step. It was clearly shown that the stress-strain relationship was more ductile when the larger 
amount of fibers was used. The strength of cement composite including 2% fibers without 
coarse aggregates (SF2) is highest than concrete or other cement composites. Therefore, the 
maximum allowable strain for the FRCCs in compression could be taken larger than that of 
the normal concrete (i.e., GF0). This implies that the members made of the FRCCs would 
demonstrate 
 
4.2.2 Splitting tensile test results 
The splitting tensile stress-strain responses of all four cases are summarized in Table 8. The 
results show that the addition of fibers in concrete increased tensile strength except GF1.  
 
4.2.3 Direct tensile test results 
The direct tensile stress-strain responses of all seven cases are summarized in Table 9 and shown 
in Figure 21. The average of the two LVDT measurements was used to estimate the tensile strain at 
each step. The response of the normal concrete (i.e., GF0) was brittle under tension as typical; almost 
linear elastic up to the onset of the first crack, followed by an abrupt drop in stress. In contrast, the 
FRCCs showed greater ductility than the normal concrete. The addition of steel fibers changed the 
response after the first cracking; beyond the peak stress, the tensile stress dropped gradually due to the 
fiber kinematic pullout from the matrix. However, no specimen achieved strain-hardening behavior in 
tension. This was probably in part because the steel fibers had a relatively small (length-to-diameter) 
aspect ratio as well as a low yield strength. 
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Chapter 5. Experimental program for HPFRCC hollow columns 
 
Five approximately quarter-scale rectangular hollow column specimens were tested at the 
Structural Testing Laboratory of the University of Ulsan, Ulsan, Korea to evaluate the feasibility of 
using HPFRCC materials to simplify reinforcement detailing in seismic-resistant hollow columns. 
The specimens represented cantilever bridge piers subjected to lateral seismic loading. 
The most important test variable is (a) the volumetric ratio of steel fibers in the lower part of the 
column, 600 mm long from the base, (b) the presence of coarse aggregates in the lower part, and (c) 
the column length-to-depth aspect ratio (ℓ/h). Here, ℓ stands for the column length from the base to 
the loading point, and h is the column section dimension parallel to the loading direction (600 mm). 
The use of steel fibers was considered only for the lower part of the column, in which intensive 
flexural and/or shear cracking was expected. The inclusion of coarse aggregates, in conjunction with 
steel fibers, was examined to compare the effect of reinforced concrete (FRC) with that of high 
performance fiber reinforced cement composites (HPFRCC). It was generally perceived that the 
presence of coarse aggregates would obstruct strain hardening behavior achieved by HPFRCC. 
 
5.1 Specimens 
Figure 22 illustrates section and elevation views of test specimens. In all specimens, exterior 
dimension of the rectangular hollow column section were 900mm wide by 600 mm deep and interior 
dimension were 640mm wide by 340 mm, so that the web-to-gross section area ratio was 
approximately 0.48, and hollow section ratio was 0.4. The moment arms are 1200mm and 1800mm, 
so that aspect ratios of hollow columns are 2.0 and 3.0. 
A single layer of longitudinal reinforcement was used in the specimens for simple construction, 
with the steel ratio of 1.8%. No transverse reinforcement was provided in all specimens to exclude its 
contribution to the column shear strength. The specimens were reinforced with the same amount of 
longitudinal bars, twenty D19, in a single layer for simple construction as shown in Figure 22. 
All specimens were cast on the same day. The lower part of each column, 600mm long from the 
base, was constructed with steel fiber-reinforced cement composites (SFRCC), and the upper part was 
cast with normal concrete using an identical batch for all specimens. 
Table 10 summarizes the specimen details and test variables. G and S in the first character of the 
specimen designation stand for coarse aggregate and without coarse aggregate, respectively. A2 and 
A3 in the second character of designation specify the aspect ratio (ℓ/h). F1 and F2 in the third 
character of designation represent the volumetric ratio of steel fibers in the lower part of the column, 
and F0 means pure concrete only. Specimen GA2F0 signified a hollow column made of normal 
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concrete; no steel fibers were sed. Specimen SA2F1 contained 1% steel fibers and no coarse 
aggregates in the lower part, and had the column aspect ratio of 2. In comparison to SA2F1, Specimen 
SA2F2 had the same design details except having 2 % fiber ratio, and GA2F1 had coarse aggregates 
in the lower part. Also Specimen SA3F2 contained 2% steel fibers, and had the column aspect ratio 
equal to 3.  
Table 10 summarizes the mix design for each specimen, as well as the compressive strengths of 
SFRCC or normal concrete measured after 28days from the casting and on the testing day. Also, the 
measured properties of the column reinforcement (D19) are shown in Table 10. 
.  
5.2 Material properties 
5.2.1 Steel fiber 
Physical properties of the steel fibers (Figure 23) used are summarized in Table 11. One of the 
most important factors to affect the selection of construction materials is the economical saving. Thus, 
the type of the steel fibers was determined on the economical point of view; that means it was not 
intended for the best quality; the tensile strength was approximately 1000 MPa, and the fiber aspect 
ratio was about 60. Generally, fiber aspect ratio between 30 and 100 are used. If length of fibers is 
over 40 mm, mixing has to be carefully progressed not to make pores.  
 
5.2.2 Steel reinforcing bar 
The measured yield strength of steel for the column reinforcement is summarized in Table 12. 
The tensile stress of five steel bars is tested. The average stress of steel bars is 365.5 MPa. 
 
5.2.3 Concrete and HPFRCC 
Three specimens for each case are tested to measure compressive stress at the age of 29 days and 
at the age of 59 days. All specimens were tested in a dry condition. At 24 hours after casting, the 
material test specimens were taken out of the molds, and placed in a water tank for additional eight 
weeks for moisture curing.  
The compressive tests followed ASTM C39 test for compressive strength of cylindrical concrete 
specimens. Cylinder specimens having a diameter of 100 mm (4 in.) and a length of 200 mm (8 in.) 
were tested. The matrix mix composition is given in Table 14, which is designed by Korean concrete 
standard specification 2009.  
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5.3 Test setup 
The top of the column was linked to an actuator with a swivel connector, and the bottom was 
restrained by the foundation that was anchored to the strong floor (Figure 25). The specimens were 
tested under a constant axial force and cyclically reversed horizontal load at the top of the column. No 
column axial load was applied to exclude any potential contribution of axial load to the column shear 
strength. 
With respect to the instrumentation used in the tests, two LVDTs were installed on each of the 
two side faces of the specimen to estimate overall shear distortion in an average sense. Also two wire 
extension gages were installed on each of the front and back faces of the specimen, one at h (column 
depth) and the other h/2 away from the top of the footing, to evaluate the development of flexural 
hinging mechanism. 
For GA2F0, a total of twenty-four displacement cycles as shown in Figure 26 (a) were statically 
applied up to 2% drift ratio. Two consecutive same-drift cycles were tested to examine strength and 
stiffness degradations under repeated loading. For GA2F1, SA2F1, SA2F2 and SA3F2, reversed 
displacement cycles were statically applied up to 5% drift ratio as shown in Figure 26(b). The 
specimens were tested until they showed a significant strength drop larger than 20% from the 
maximum load measured in the test. Two consecutive same-drift cycles were tested to examine 
strength and stiffness degradation under repeated loading. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
16 
 
Chapter 6. Hollow column test results 
Extensive investigations are underway on the test results including cracking patterns, failure 
mode, load-displacement responses, displacement ductility , energy dissipation, and various 
displacement components (i.e., due to flexural rotations, shear distortions, etc.) of each specimen are 
discussed. Effects of the test variables on the aforesaid performance indices are highlighted. 
 
6.1 Cracking and failure mode 
The specimens showed relatively well-developed inelastic rotations due to flexure near the base, 
leading to moderate-to-high levels of ductility. It should be noted, however, that flexural yielding and 
bar slip appeared to be concentrated at the column/footing interface where a single large crack opened.  
Figure 27 illustrates cracking patterns observed in the four specimens, after reaching the 
maximum load (at the last cycle before a critical strength drop) as well as at the completion of each 
test. In all specimens, inclined cracks in the web started in the middle of the column depth during the 
0.5 or 0.75% drift cycle, before the onset of flexural yielding. A couple of major inclined (diagonal 
tension) cracks reached close to the one corner of the column base in their descending branches, and 
extended to the outmost column bars in their ascending branches. The inclined cracks showed a 
continuous increase in their crack widths by the end of testing, even after the specimens essentially 
failed with a significant strength drop of more than 20% of the peak load. The FRCC specimens 
showed the critical strength drop during the second cycle to 3 or 4% drift, while GA2F0 with normal 
concrete did during the 1% drift cycle.  
In the four FRCC specimens, the ascending branches of the inclined cracks further developed 
along the outmost column bars to suffer severe bond failure from about the 3 or 4% drift cycle. In 
addition, vertical cracks developed along the column bars in the middle of the web due to the buckling 
action of the bars from about the 3% drift cycle, which intersected with the inclined cracks. This 
resulted in severe concrete spalling around the middle of the web, especially above the top level of the 
FRCC (Figure 27); note that the FRCC was used only at the lower part of the column. The FRCC 
specimens generally showed more irregular crack patterns than GA2F0, probably because the steel 
fibers that bridged over developing cracks interrupted and/or deflected the crack propagations. 
With respect to flexural cracking, a single large crack opened at the column-to-footing interface 
in all specimens, where significant flexural yielding and bond slip appeared to occur. However, no 
behavior related to flexural failure was found such as concrete crashing or reinforcement rupture near 
the bottom of the column.  
Based on the test results, it was concluded that the four FRCC specimens ultimately underwent 
shear-bond failure combined with the buckling of the column bars after reaching large displacements, 
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while GA2F0 failed primarily due to premature web shear cracking. This conclusion is supported by 
the load-drift responses, shear distortions, and flexural deformations presented in the following 
sections.  
 
6.2 Overall load-displacement response 
Figure 28 plots the cyclic lateral load-drift responses of the five specimens. Also, Table 15 
summarizes the measured maximum load (Pmax), and the calculated yield and nominal strengths (Py 
and Pn). Here, Py is the calculated lateral load corresponding to the onset of the outmost bar yielding, 
and Pn is the one corresponding to the event of the extreme concrete compression fiber reaching the 
maximum allowable strain (taken as 0.003); both were computed using Response-2000 (Bentz and 
Collins 2001). Note that Py and Pn were estimated ignoring the effects of the steel fibers on the stress-
strain relationships. The stiffness got slightly smaller when the inclined cracks first occurred during 
the 0.5 or 0.75% drift cycle in all specimens. The successive yielding of the column bars around the 
column base caused further reductions in the stiffness; the first yielding occurred at about 0.75 or 1% 
drift ratio, which was judged based on the data measured by strain gages at the column-footing 
interface. 
Specimen GA2F0 of normal concrete had some column bar yielding from the 0.75% drift cycle, 
at which the lateral load approached to the yield strength, Py, as indicated in Figure 28. (The yield 
strength of GA2F0 was lower than those of the FRCC specimens, primarily due to the smaller yield 
strength of steel, but the maximum load divided by     ′  was similar to those of the FRCC 
specimens with the aspect ratio of 2; see the fourth row of Table 15.) However, a fast strength drop 
occurred during the 1 to 1.25% drift cycles, with a very small displacement ductility achieved. This 
was likely because GA2F0 could not endure further progress of web shear cracking at this point so as 
to undergo brittle shear failure.  
The FRCC specimens showed significant inelastic behaviors from the 0.5 (SA3F2), 0.75 (SA2F1, 
SA2F2), or 1.0% (GA2F1) drift cycle due to column bar yielding and cracking. From then, the lateral 
load increased much slowly but steadily, until it reached the maximum value during the 2 or 3% drift 
cycle. The measured maximum load (Pmax) was slightly larger than the nominal strength (Pn) in all 
four specimens. The load-displacement responses were stable up to 3 or 4% drift, while they suffered 
severe shear cracking (see Figure 27). Finally, the load dropped as several inclined cracks became 
widely opened and the column bars buckled out. Therefore, the strengths of the FRCC specimens 
were governed by a combination of flexural hinging and shear cracking, and they eventually collapsed 
due to shear-bond failure combined with column bar buckling.  
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Table 16 shows the displacement ductility taken as the displacement at the point of a 20% 
strength drop from the peak load (du) divided by the yield displacement (dy), which is defined as the 
displacement at the onset of the first yielding. The FRCC specimens (without transverse 
reinforcement) showed moderate-to-high levels of displacement ductility, even though they suffered 
severe shear cracking damage from the early stage. For example, Specimen GA2F1 with 1% fiber 
ratio achieved considerably higher ductility than GA2F0 of normal concrete: 3.5 vs. 1.3. From the 
results, it may be said that the steel fibers were quite effective in sustaining wide openings of the 
inclined cracks.  
The specimens with 2% fiber ratio showed more stable load-displacement behavior than those 
with 1% fiber ratio. This is consistent with the material properties that SF2 was more ductile than GF1 
or SF1 under both compression (Figure 20) and tension (Figure 21). Specimens GA2F1 and SA2F1 
with 1% fiber ratio showed similar displacement ductility. This suggests that the exclusion of coarse 
aggregates in the FRCCs of 1% steel fiber ratio, which generally increases the material cost, did not 
further improve the ductility of the hollow columns.  
Among the three FRCC specimens with the aspect ratio of 2, SA2F2 with 2% fiber ratio reached 
more than 10% higher peak load than the specimens with 1% fiber ratio. This is likely because the 
FRCC used for SA2F2 had higher compressive and tensile strengths, as observed in the material tests 
(see Figure 19). Comparing Specimens SA2F2 and SA3F2, in which the aspect ratio varied only, 
SA3F2 having the larger aspect ratio reached about 38% smaller maximum load. This was obviously 
because a higher moment was imposed in SA3F2 under a given lateral load. 
In summary, the use of the higher fiber ratio generally improved the displacement ductility of the 
hollow columns as well as the load-carrying capacity. 
 
6.3 Energy dissipation behavior 
The amount of energy dissipated during a loading cycle is considered as one of the essential 
seismic performance indices in this study, which is taken as the area enclosed by the corresponding 
load-displacement hysteretic curve.  
Figure 30 shows (a) the energy dissipated during the first cycle to each drift ratio, and (b) the 
cumulated amount of dissipated energy up to the indicated drift cycle counting all cycles to each drift 
ratio), in the five specimens. The energy dissipated during each cycle in Figure 30. 
Figure 30(a) increased up to the 3 or 4% drift, by which the specimen exhibited a stable load-
displacement response. After then, the energy dissipation decreased with the collapse of the specimen 
progressing.  
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The specimens with 0% or 1% fiber ratio showed large pinching in the load-displacement 
responses, which resulted in relatively small amounts of energy dissipation. (The dissipated energy in 
GA2F0 for a cycle was much smaller than that in GA2F1, due to the smaller displacement intervals 
between adjacent cycles. However, the accumulated energy up to a given drift in GA2F0 was 
comparable to the others.) In contrast, the specimens with 2% fiber ratio demonstrated larger energy 
dissipations with much less pinching (see Figure 28), especially so during the inelastic response 
cycles before the critical strength drops. This generally agrees with the material test results that the 
area below the compressive or tensile stress-strain curve of SF2 was larger than the others (Figure 20 
and Figure 21). Therefore, it may be said that the use of 2% fiber ratio for the selected fiber type 
improved the energy-dissipating capability of the hollow columns.  
The two specimens having 1% fiber ratio, GA2F1 and SA2F1, showed similar energy 
dissipations, which were only slightly larger than those of GA2F0. This is supportive evidence that 
the use of 1% volume ratio for the selected fiber type, even with no coarse aggregates, was not 
enough to ensure satisfactory fiber-bridging action across multiple micro-cracks, which is believed as 
the major source of energy dissipation (Li 2003).  
Equivalent viscous damping was utilized as a normalized measure for comparing the energy 
dissipating capacity of the test specimens. It was computed following standard procedures (Chopra 
2001), 
   =
1
2 
  
   
 
Here. ED is the area enclosed by a hysteresis loop, and ES0 is the strain energy of an equivalent 
elastic system.    values of each drift ratio are summarized in Table 17. The FRCC specimens 
exhibited similar patterns of equivalent viscous damping factor throughout the tests (Figure 31).     
values decreased after the 3% or 4% drift cycle in FRCC specimens.   
 
6.4 Shear distortion 
The degree of the shear cracking damage was quantified by inspecting the increase of shear 
deformation in the specimen with respect to the applied drift. The shear distortion g of the specimen 
was estimated in an average sense, using the test data measured by the two crossing LVDTs installed 
at each web face (Figure 25): 
 ≈
(  −   )   
 +   
 
2    
 (1) 
Here, D1 and D2 are the relative linear displacements between points 1 and 4, and between points 
2 and 3, respectively (see Figure 32 for graphical illustrations of the notations). Also, x0 is the original 
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horizontal distance between points 1 and 2, and y0 is the original vertical distance between points 2 
and 4. Figure 32 illustrates the shear distortion behavior in the four FRCC specimens, with respect to 
the lateral load. In all specimens, shear distortion responses observed in both web faces were 
comparable. The shear distortion remained small at the early stage, but it abruptly increased from 
about 3% drift in GA2F1, SA2F1, and SA3F2, and from 4% drift in SA2F2. In all four specimens, it 
is noted that a significant strength drop happened just after the indicated drift level; the load-drift 
response was stable until the first cycle to the indicated drift. Thus, it is believed that the failures of 
the specimens were greatly attributed to the shear cracking damages. 
Figure 33 and Figure 34 compare the shear distortion behavior of Specimens, with respect to the 
drift ratio. The shear distortions were estimated using test data from the two LVDTs installed at the 
right (R) side face and the left side (L) of the specimen, respectively.  
Comparing SA2F1 and SA2F2 in which the fiber volume varied only, SA2F2 with 2% fiber ratio 
showed much smaller shear distortions than SA2F1 at similar drift ratios. For instance, both 
specimens were subjected to similar lateral loads at 3% drift, but SA2F1 suffered shear distortions 
larger than 0.02, while those in SA2F2 were in the order of only 0.005. This was likely because the 
higher fiber ratio was more effective in bridging inclined shear cracks so as to better restrain the crack 
widths. The inelastic shear distortion of Specimen SA2F1 was comparable to that of GA2F1. This 
demonstrates that the exclusion of coarse aggregates, with 1% volume ratio of the selected fiber type, 
did not convey a positive effect in controlling unfavorable shear cracking damage.  
 
6.5 Flexural and fixed-end rotations 
The development of the flexural mechanism was quantified by inspecting the rotation behavior 
of the specimen. The rotation of the lower part of the specimen was estimated using the test data 
measured by the two couples of wire extensometers installed at the flange faces (Figure 25): 
  ≈
  −   
  
,   / ≈
  −   
  
 (2) 
Here, d1 and d2 are the relative linear displacements between the column-footing interface and 
the section h/2 away from it, and d3 and d4 are those between the interface and the section h away 
from it. Thus,   /  and    stand for the rotations from the column-footing interface to the sections 
h/2 and h away from it, respectively. Note that the rotation was attributed not only to flexural 
deformation, but also to fixed-end deformation due to large flexural cracks and/or bond slip at the 
column-footing interface. 
Figure 36 shows the rotation (  / ) behavior in the four FRCC specimens, with respect to the 
lateral load. (The values of    were only slightly larger than the values of   / , meaning that 
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reinforcement yielding beyond the section of h/2 was not significant.) In general, the specimen that 
had the smaller shear distortion(Figure 36) showed the larger rotation. For example, SA2F2 showed 
larger rotations and more stable rotation curves than GA2F1 at similar drift ratios. This was 
reasonable because the two deformations were the major sources for the lateral displacement in the 
specimens. Thus, it may be said that the higher fiber ratio better restrained the growth of shear 
(diagonal tension) cracks so as to reduce the shear distortion and accordingly improve the 
development of flexural hinging at the bottom of the column.  
The rotation decreased when the lateral load dropped suddenly during the 3% or 4% drift cycle. 
This happened when a couple of major inclined cracks (Figure 27) opened excessively, leading to a 
sudden increase in the shear distortion. (The rotation in SA2F1 was inaccurately measured as if it 
increased during the 4% and 5% drift cycles. It was because the column slipped about 5 mm, relative 
to the footing in the loading direction, so the wires of the extensometers were caught by the column 
base. 
 
6.6 Displacement components 
In the previous sections, the behavior of the specimen was qualitatively described in relation to 
the shear distortion and the flexural rotation. In order to further evaluate the failure mode of the 
specimen, the contributions of the two deformations to the overall (applied) displacement at the top of 
the column are separately assessed. The portion of the overall displacement due to the shear distortion 
of the specimen,   , is estimated by:  
  = 	   (3) 
Here, it is assumed that the shear distortion (g) by Eq. (1) was uniform in the entire length (l) of 
the specimen. Also, the portion of the overall displacement due to the flexural rotation at the lower 
part of the specimen,   , / , is estimated by:  
  , / =   /   −
ℎ
4
  (4) 
Here,   /  stands for the flexural rotation from the column-footing interface to the section h/2 
away from it, and h is the column depth. Thus,   , /  represents the displacement component caused 
by the rotation   /  only. 
Figure 37 illustrates the displacement components (a)    and (b)   , /  with respect to the 
lateral drift, respectively; plotted are the displacement components for the first cycle to each drift. The 
shear component    was small at the beginning stage; it was roughly 3 to 15% of the overall 
displacement in the positive loading to 1% drift in the four specimens. However, at the last cycle 
before the critical strength drop (i.e., ultimate failure) in each specimen,    was responsible for 
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approximately 30 to 45% of the overall displacement, while the flexural rotation component   , /  
decreased to about 9 to 18% of that. Furthermore, in the specimens with 1% steel ratio,    was 
estimated to be more than 70% of the overall displacement at the final stage of testing (although this 
would be somewhat overestimated due to excessive openings of the inclined shear cracks). This is 
supporting evidence that the failures of the FRCC specimens were strongly affected by the shear 
cracking damages.  
On the other hand, it is notable that the load-drift responses remained stable (see Figure 28) even 
though the shear distortion component    was already substantial (30 to 45% of the applied 
displacement) before the occurrence of the critical strength drop. This was likely owing to the 
beneficial effect of the steel fibers that well sustained the excessive openings (i.e., widths) of the 
inclined shear cracks.  
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Chapter 7. Summary and conclusions 
 
7.1 Summary of tests 
This study is to investigate the effectiveness of low-cost fiber-reinforced cement composites 
(FRCCs) on improving the seismic performance of hollow bridge columns. FRCCs with an 
economical type of hooked steel fibers were used. Five ¼-scale rectangular hollow columns were 
tested under quasi-static lateral cyclic loading. The main test variables included steel fiber volumetric 
ratio (0, 1, or 2%), the presence of coarse aggregates, and column length-to-depth ratio (2 or 3). In all 
specimens, no transverse reinforcement was provided to identify the sole contribution of concrete or 
FRCCs on the confinement as well as the shear strength. The specimens having FRCCs exhibited 
stable inelastic load-displacement responses up to 3 or 4% drift, even though they suffered severe 
shear cracks. In contrast, one specimen with normal concrete only showed very limited ductility. The 
specimen with the higher fiber ratio generally achieved the larger displacement ductility and the 
greater energy dissipation, and also better sustained intensive cracking damage.  
 
7.2 Conclusions 
In this study, the effectiveness of low-cost fiber-reinforced cement composites (FRCCs) on the 
seismic performance of hollow bridge columns was investigated. Five approximately ¼-scale 
rectangular hollow column specimens were subjected to lateral cyclic loading. FRCCs with an 
economical type of hooked steel fibers were used. The use of the higher fiber volumetric ratio (2% 
against 0 or 1%) generally improved the load-carrying capacity, displacement ductility, and energy 
dissipation of the hollow columns. This was true for the columns with the length-to-depth aspect ratio 
equal to 2 and 3, whose behaviors were governed by flexure-shear interaction. However, the tested 
FRCCs were not much effective in reducing the shear cracking damage of the hollow columns. Also, 
the exclusion of coarse aggregates in the mix design did not quite distinguish the performance of the 
two specimens with 1% volumetric ratio of the selected fiber type. More detailed test results and 
conclusions may be summarized as follows:  
1. The four FRCC specimens ultimately underwent shear-bond failure combined with the 
buckling of the column bars after reaching relatively large displacements, while the specimen only 
with normal concrete failed due to premature web shear cracking.  
2. In the specimen of normal concrete only, a fast strength drop occurred during the 1 to 1.25% 
drift cycles. It seemed that this specimen could not endure further progress of web shear cracking at 
this point so as to undergo brittle shear failure. In contrast, the load-displacement responses of the 
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FRCC specimens were stable up to 3 or 4% drift with moderate-to-high levels of displacement 
ductility achieved, even though they suffered severe shear cracking damage from the early stage. This 
happened even with no transverse reinforcement. It was concluded that the FRCCs were quite 
effective in sustaining wide openings of the inclined shear cracks. However, the exclusion of coarse 
aggregates in the FRCCs containing 1% fiber ratio did not further improve the ductility of the hollow 
columns.  
3. The use of the higher fiber ratio generally improved the energy-dissipating capability of the 
hollow columns. However, 1% volumetric ratio for the selected fiber type, even with no coarse 
aggregates, appeared not enough to ensure satisfactory fiber-bridging action across multiple micro-
cracks, which is believed as the major source of energy dissipation. 
4. The specimens with the higher fiber ratio better restrained the growth of shear cracks so as to 
reduce the shear distortion, and accordingly improved the development of flexural hinging at the 
bottom of the column. On the other hand, the exclusion of coarse aggregates in the FRCCs with 1% 
fiber ratio did not further reduce the shear distortion.  
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Hooked steel Spectra PVA Torex steel 
Figure 1 - Different types of fibers 
 
 
 
 
Figure 2 - Classification of FRC based on their tensile stress-strain response 
(Naaman and Reinhardt 2006) 
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Figure 3 - Classification of Fiber Reinforced Cement Composite (Rokugo 2009) 
 
 
Figure 4 – Typical stress-elongation curves in tension of fiber reinforced cement composites: 
strain-softening behavior and strain-hardening behavior 
(Naaman and Reinhardt 2006) 
27 
 
 
Figure 5 - Illustration of multiple cracking (Kunieda and Rokugo 2006) 
 
 
Figure 6 - The σ − δ curve and the concept of complementary energy (shaded area C) and 
steady state crack analysis of (a) low complementary energy and (b) high complementary 
energy (Li 2003) 
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Figure 1 - Comparison of experimental and calculated shear capacities (JSCE 2008) 
 
 
Figure 2 - Schematic diagrams of strain and stress distribution for flexural capacity (JSCE 
2008) 
 
 
 
Figure 9 - Damage behavior of (a)R/C and (b) R/ECC without stirrups (Li 2003) 
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Figure 10 – The use of reinforcing bars 
 
 
Figure 11 - The damage behavior of the shear panel (a) R/C column and (b) R/ECC column 
(Li 2003) 
 
 
Figure 12 - Differences of corrosion mechanism due to crack formation (JSCE 2008) 
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Figure 13 - Shear force versus beam drift response of Coupling beams test 
(Canbolat et al. 2005) 
 
 
Figure 14 - Contents of JSCE recommendations (Rokugo 2009) 
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Figure 15 - Shear flow in thin-walled tube sections: solid and hollow columns 
 
 
Figure 16 - Types of hollow columns 
 
  
Figure 17 - Compressive test setup 
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Figure 18 - Dog-bone specimen configuration for direct tensile test (units: mm) 
 
 
 
Figure 19 - Strength results from compressive, splitting tensile and direct tensile tests 
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Figure 20 - Compressive stress-strain responses 
 
 
Figure 21 - Direct tensile stress-strain responses 
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Figure 22 - Plan and elevation views of the test specimens with l/h = 2 (units: mm) 
 
 
Figure 23 – A picture of steel fiber 
 
 
Figure 24 – Steel bar tensile stress 
 
35 
 
 
 
 
 
Figure 25 - A picture of the test setup (units: mm) 
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(a) GA2F0 
 
 
(b) GA2F1, SA2F1, SA2F2 and SA3F2 
 
Figure 26 - Loading History 
37 
 
    
(a) GA2F1 
at 3% drift 
(b) SA2F1 
at 3% drift 
(c) SA2F2 
at 4% drift 
(d) SA3F2 
at 3% drift 
(a) Cracking damage at the maximum load 
 
    
(a) GA2F1 (b) SA2F1 (c) SA2F2 (d) SA3F2 
(b)  Cracking damage at the completion of testing 
Figure 27 – Cracking damage 
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Figure 28 – Load-drift responses of the specimens 
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Figure 28 – Load-drift responses of the specimens 
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Figure 28 – Load-drift responses of the specimens 
 
 
 
 
 
Figure 29 - Load-drift envelope 
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(a) Energy dissipated per cycle 
 
(b) Cumulated amount of dissipated energy 
 
Figure 30 - Energy dissipation 
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Figure 31 – Damping factor 
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Figure 32 – Displacement components due shear distortion and flexural rotation 
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Figure 33 – Shear distortion ( ) at the right side of the specimens 
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Figure 33 – Shear distortion ( ) at the right side of the specimens 
 
46 
 
 
 
 
 
Figure 34 – Shear distortion ( ) at the left side of the specimens 
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Figure 34 – Shear distortion ( ) at the left side of the specimens 
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Figure 35 – Rotation (θ) due to flexure and bound slip at 600mm 
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Figure 35 – Rotation (θ) due to flexure and bound slip at 600mm 
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Figure 36 – Rotation (θ) due to flexure and bound slip at 300mm 
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Figure 36 – Rotation (θ) due to flexure and bound slip at 300mm 
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(a) Displacement due to shear distortion (γ) 
 
 
(b) Displacement due to rotation qh/2 
 
Figure 37 – Displacement due to shear distortion and rotation 
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Table 1 - Fiber properties used in previous experimental studies 
Reference Member Type Type 
Tensile 
Strength 
(MPa) 
Elastic 
Modulus 
(GPa) 
D 
(mm) 
L 
(mm) 
L/d 
Vol. 
(%) 
Canbolat et 
al.(2004) 
Coupling 
Beams 
PE 2570 117 0.038 13 342 2.0 
Torex 2470 200 0.3 30 100 1.5 
Parra-
Montesinos & 
Kim (2004) 
Coupling 
beams 
PE 2570 117 0.55 38 1000 1.5 
Steel 1200 200 0.55 30 60 2.0 
Parra-
Montesinos et 
al. (2005) 
Beam-column 
connections 
Polyethylene 2570 117 0.38 38 1000 1.5 
Cheng & 
Parra-
Montesinos 
(2010) 
Slab-column 
connections 
Hooked 1100 
 
0.38 30 55 1.0 
Hooked 1100 
 
0.5 30 55 1.5 
Hoooked 2300 
 
0.37 30 79 1.5 
Hooked 2300 
 
0.55 30 79 1.5 
Twisted 1800 
  
35 70 1.5 
Naaman et al. 
(2007) 
Slabs 
PVA 900 29 0.19 13 68 2.0 
SPE 2585 117 0.039 38 1000 1.75 
Torex 2470 200 0.3 30 100 2.0 
Lee (2007) Columns 
Hooked   0.55 33 60 1.0 
Hooked   0.55 33 60 1.5 
Hooked   0.55 33 60 2.0 
Zhang et al 
(2013) 
Hollow columns Hooked   0.55 35 63.6 1.0 
Caballero-
Morrison et al. 
(2012) 
Slender columns Hooked 1100  0.55 35 36.6  
Rohm et al. 
(2012) 
Beam-column 
sub-assemblages 
Hooked    50  1.0 
Beam-column 
sub-assemblages 
Hooked    
50 
30 
 
1.0 
0.5 
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Table 2 – Design details of hollow columns 
Specimen 
Exterior 
faces 
(mm) 
Interior 
faces 
(mm) 
Ag (mm
2) 
Hollow 
section 
ratio 
(%) 
Web 
area 
ratio 
(%) 
l 
(mm) 
l /h 
f'c 
(MPa) 
P 
(kN) 
Cheng 
et al. 
(2005) 
S-1 
1500x1500 900x900 1,440,000 36 63 
3500 2.3 32.0 3600 
*S-2 3500 2.3 18.0 3900 
*S-3 3500 2.3 38.1 3600 
Howser 
et al. 
(2010) 
PS1 6500 4.3 34.0 4000 
PI1 4500 3.0 34.0 4000 
PI2 3500 2.3 32.0 3600 
Kim et 
al. 
(2012) 
H40A1.5 
900x 600 640x340 
322,400 40 48.4 
900 1.5 
24.6 
 
H40A2.0 1200 2.0  
H40A2.5 1500 2.5  
H40A3.0 1800 3.0  
H60A1.5 214,400 60 44.8 
900 1.5 
 
H40A1.5 
WF1.8 324,400 
40 
66.7  
H40A2.0 
C 
322,400 48.4 1200 2.0  
H30B1.5 377,600 30 50.8 
900 1.5 
18.0 
 
H40B1.5 
322,400 40 48.4 
 
H40B2.0 1200 2.0  
H40B2.5 1500 2.5  
H40B3.0 1800 3.0  
H40B1.5 
T 
900 1.5  
Mo        
et al. 
(2002) 
HS-1 
500x500 
260x260 182,400 27 66 
1800 3.6 58.1 1000 
HS-2 1800 3.6 62.5 1500 
HI-1-a 1800 3.6 70.0 1000 
HI-2-a 1800 3.6 61.1 1500 
HI-1-b 1500 3.0 50.5 1000 
HI-0-b 1500 3.0 49.7 500 
Mo          
et al. 
(2003) 
NA4 
300x300 160,000 36 63 
2000 4.0 30.1 900 
NB4 2000 4.0 30.1 450 
NA8 2000 4.0 24.6 450 
NB8 2000 4.0 24.6 450 
HA4 2000 4.0 49.9 900 
HB4 2000 4.0 49.9 450 
HA8 2000 4.0 35.8 450 
HB8 2000 4.0 35.8 450 
Mo        
et al. 
(2004) 
NS1 
260x260 182,400 27 66 
1800 3.6 32.6 500 
NI1-b 1500 3.0 20.2 500 
*CR2 1500 3.0 26.9 500 
*CR4 1500 3.0 28.5 500 
*CR2-F 1500 3.0 26.5 500 
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*CR2-B 1800 3.6 27.7 500 
*UR0 1500 3.0 34.4 500 
*UR2 1500 3.0 32.5 500 
Yeh        
et al. 
(2002) 
MS1 
1500x1500 900x900 1,440,000 36 63 
5400 3.6 32.6 4500 
MS2 5400 3.6 30.6 9000 
MI1 5400 3.6 33.6 4500 
MI2 5400 3.6 29.1 9000 
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Table 3 - RC rectangular hollow column test database: test results 
Specimen 
fy 
(MP
a) 
ρ 
(%) 
fyv 
(MPa) 
s 
(mm) 
Av             
@ each 
layer   
(mm2) 
Failure 
mode 
Vexp 
(kN) 
μ α β 
Cheng 
et al. 
(2005) 
S-1 418 1.69 420 200 285 Shear 2633 3.3 0.65 0.72 
*S-2 420 1.69 413 200 285 Flexure 2544 4.9 0.65 0.72 
*S-3 418 1.69 420 200 285 Shear 1530 5.7 0.65 0.72 
Howse
r et al. 
(2010) 
PS1 460 1.70 343 80 506 Flexure 1630 10.8 0.45 0.72 
PI1 460 1.70 510 120 285 Flexure 2230 8.6 0.45 0.72 
PI2 418 1.70 420 200 285 Shear 2650 3.7 0.65 0.72 
Kim et 
al. 
(2012) 
H40A1.5 471 1.05 340 - - 
Flexure-
Shear 
525 1.13 0.90 0.71 
H40A2.0 338 1.05 340 - - 
Flexure-
Shear 
445 1.18 0.75 0.71 
H40A2.5 268 1.05 340 - - 
Flexure-
Shear 
341 1.08 0.60 0.71 
H40A3.0 224 1.05 340 - - 
Flexure-
Shear 
259 0.98 0.45 0.71 
H60A1.5 474 1.05 340 - - Shear 337 - 0.90 0.71 
H40A1.5 
WF1.8 
463 1.05 340 - - 
Flexure-
Shear 
522 - 0.90 0.71 
H40A2.0 
C 
338 1.05 340 - - 
Flexure-
Shear 
368 - 0.75 0.71 
H30B1.5 350 0.74 300 - - 
Flexure-
Shear 
458 - 0.90 0.65 
H40B1.5 346 0.74 300 - - 
Flexure-
Shear 
392 1.11 0.90 0.65 
H40B2.0 263 0.74 300 - - 
Flexure-
Shear 
334 1.63 0.75 0.65 
H40B2.5 208 0.74 300 - - 
Flexure-
Shear 
269 1.90 0.60 0.65 
H40B3.0 171 0.74 300 - - 
Flexure-
Shear 
203 2.27 0.45 0.65 
H40B1.5 
T 
340 0.37 300 - - 
Flexure-
Shear 
381 - 0.90 0.57 
Mo         
et al. 
(2002) 
HS-1 476 1.90 480 50 113 Flexure 333 4.6 0.45 0.78 
HS-2 476 1.90 480 50 113 Flexure 360 4.3 0.45 0.78 
HI-1-a 476 1.90 363 40 50 Flexure 332 4.5 0.45 0.78 
HI-2-a 476 1.90 363 40 50 
Flexure-
Shear 
350 3.9 0.45 0.78 
HI-1-b 476 1.90 363 40 50 Shear 364 4.4 0.45 0.78 
HI-0-b 476 1.90 363 40 50 
Flexure-
Shear 
302 4.7 0.45 0.78 
Mo           
et al. 
(2003) 
NA4 460 1.13 400 40 50 Shear 178 3.7 0.45 0.64 
NB4 460 1.13 400 40 50 Flexure 171 6.3 0.45 0.64 
NA8 460 1.13 400 80 50 Flexure 173 6.6 0.45 0.64 
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NB8 460 1.13 400 80 50 Flexure 172 6.3 0.45 0.64 
HA4 460 1.13 400 40 50 Flexure 215 5.6 0.45 0.64 
HB4 460 1.13 400 40 50 Flexure 177 7.1 0.45 0.64 
HA8 460 1.13 400 80 50 Flexure 173 7.2 0.45 0.64 
HB8 460 1.13 400 80 50 Flexure 176 7.1 0.45 0.64 
Mo         
et al. 
(2004) 
NS1 476 1.90 480 50 113 Flexure 271 5.3 0.45 0.78 
NI1-b 476 1.90 405 50 28 Shear 270 4.2 0.45 0.78 
*CR2 423 1.90 405 50 28 Flexure 298 5.7 0.45 0.78 
*CR4 423 1.90 405 50 28 Flexure 295 6.0 0.45 0.78 
*CR2-F 406 1.90 405 50 28 Flexure 278 6.3 0.45 0.78 
*CR2-B 406 1.90 480 50 113 Flexure 241 6.2 0.45 0.78 
*UR0 423 1.90 - - - Flexure 305 3.4 0.45 0.78 
*UR2 423 1.90 - - - Flexure 299 4.9 0.45 0.78 
Yeh           
et al. 
(2002) 
MS1 476 1.90 480 150 506 Flexure 2440 5.5 0.45 0.74 
MS2 476 1.90 480 150 506 Flexure 2840 5.3 0.45 0.74 
MI1 476 1.90 480 150 283 
Flexure-
Shear 
2350 4.3 0.45 0.74 
MI2 476 1.90 480 150 283 Shear 2610 3.5 0.45 0.74 
 
 
Table 4 - Mix proportions of material tests (kg/m3) 
Specimens W/B s/a W C S G FIBER AE 
GF0 0.51 42.7 184 361 723 989 - 3.61 
GF1(25) 0.51 42.7 184 361 712 974 79 3.61 
GF2(25) 0.51 42.7 184 361 700 974 157 3.61 
GF1(10) 0.51 42.7 184 361 712 974 79 3.61 
GF2(10) 0.51 42.7 184 361 700 974 157 3.61 
SF1 0.51 100 269 527 1310 - 79 5.27 
SF2 0.51 100 269 527 1284 - 157 5.27 
w/c : water /cement ratio, s/a : sand /aggregate ratio, AE: Air entrainment, 
( ): Maximum size of Coarse Aggregate 
 
Table 5 – Properties of steel fiber 
Type Length, L 
(mm) 
Diameter, D 
(mm) 
Aspect ratio, 
L/D 
Tensile strength 
(MPa) 
Hooked 30 0.5 60 998 
Aspect ratio = length, / diameter, D 
 
 
58 
 
Table 6 - Strength results of compressive, splitting tensile and direct tensile tests  
(units: MPa) 
Specimen 
Compression Split Tension Direct Tension 
Average 
Standard 
Deviation 
Average 
Standard 
Deviation 
Average 
Standard 
Deviation 
GF0 24.16 0.849 2.16 0.06 1.31 0.38 
GF1 17.47 0.463 1.79 0.06 1.83 0.71 
GF2 25.50 2.453 3.14 0.36 1.44 0.22 
GF1(10) 21.40 2.795 1.95 0.13 1.20 0.16 
GF2(10) 20.61 2.606 2.19 0.15 1.11 0.04 
SF1 24.98 0.537 1.84 0.10 1.54 0.24 
SF2 30.07 1.065 2.97 0.26 2.47 0.18 
 
Table 7 - Compressive stress (units:MPa) 
Specimen 1 2 3 Average 
Standard 
Deviation 
GF0 24.99 24.50 23.00 24.16 0.849 
GF1 17.93 17.01 
 
17.47 0.463 
GF2 28.67 22.70 25.12 25.50 2.453 
GF1(10) 21.35 18.00 24.85 21.40 2.795 
GF2(10) 18.27 19.32 24.25 20.61 2.606 
SF1 24.44 24.79 25.72 24.98 0.537 
SF2 31.56 29.51 29.14 30.07 1.065 
 
Table 8 - Split tensile stress (units:MPa) 
Specimen 1 2 3 Average 
Standard 
Deviation 
GF0 2.11 2.15 2.24 2.16 0.055 
GF1 1.73 1.87 1.76 1.79 0.059 
GF2 3.05 3.62 2.74 3.14 0.364 
GF1(10) 1.80 2.12 1.92 1.95 0.129 
GF2(10) 2.21 2.36 2.00 2.19 0.150 
SF1 1.77 1.78 1.98 1.84 0.096 
SF2 3.34 2.83 2.75 2.97 0.263 
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Table 9 - Direct tensile stress (units:MPa) 
Specimen 1 2 3 Average 
Standard 
Deviation 
GF0 0.77 1.58 1.58 1.31 0.382 
GF1 1.11 
 
2.54 1.83 0.715 
GF2 1.13 1.56 1.62 1.44 0.218 
GF1(10) 0.99 1.37 1.25 1.20 0.159 
GF2(10) 1.05 1.12 1.15 1.11 0.042 
SF1 1.28 1.86 1.48 1.54 0.241 
SF2 2.73 2.35 2.34 2.47 0.182 
 
Table 10 - Design details and test variables 
Specimen GA2F0 GA2F1 SA2F1 SA2F2 SA3F2 
Fiber volumetric ratio 0% 1% 1% 2% 2% 
Inclusion of coarse aggregate ○ ○ × × × 
Aspect ratio, l /h 2 2 2 2 3 
Column height, l  (mm) 1200 1200 1200 1200 1800 
Compressive strength of 
upper part concrete (MPa) 
24.6 24 24 24 24 
Compressive strength of 
lower part concrete or FRCC 
(MPa) 
24.6 39.4 39.3 47.4 47.4 
Yield strength of 
steel reinforcement, D19 
(MPa) 
340 365 365 365 365 
Common design properties 
exterior faces (mm): 900´ 600, interior faces (mm): 640´ 340, 
Ag: 322,400 mm2, ρl: 1.80%, 
hollow section ratio: 40%, Web area ratio: 48.4% 
 
Table 11 - Physical properties of steel fibers 
Type Length (mm) Diameter (mm) Aspect ratio Tensile strength (MPa) 
Hooked 30 0.5 60 998 
 
Table 12 - Tensile Stress of Steel bar 
Specimen 1 2 3 4 5 Average 
Stress 
(MPa) 
370.33 352.51 367.37 365.70 371.65 365.51 
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Table 13 – Compressive stress of concrete and FRCC (Units: MPa) 
Specimen GF1 SF1 SF2 
1 38.3 38.6 49.6 
2 37.3 37.9 45.0 
3 38.2 29.9 44.1 
Average @ 29 day 37.9 35.5 46.2 
1 36.6 39.1 49.6 
2 39.3 43.7 46.6 
3 42.3 35.0 45.9 
Average @ test day 39.4 39.3 47.4 
 
 
Table 14 - Matrix mix composition (kg/m3) 
Specimen 
w/c 
(%) 
s/a 
(%) 
Water 
(kg/m3) 
Cement 
(kg/m3) 
Sand 
(kg/m3) 
Gravel 
(kg/m3) 
Fiber 
(kg/m3) 
AD 
(kg/m3) 
GF0 51 42.7 184 361 723 989 - 3.61 
GF1 51 42.7 184 361 712 973 78.5 3.61 
SF1 51 100 269 527 1310 - 78.5 5.27 
SF2 51 100 269 527 1284 - 157 5.27 
W: water, C: Cement, S: Sand, G: Coarse Aggregate, AE: Air entrainment 
 
 
Table 15 – Measured and calculated strengths of the specimens 
Specimen GA2F0 GA2F1 SA2F1 SA2F2 SA3F2 
Max. applied load, 
Pmax (kN) 
368 518 505 572 357 
Nominal strength, 
Pn (kN) 
452 503 503 510 340 
Yield strength, 
Py (kN) 
360 389 389 392 261 
Pmax /     ′  
(MPa) 
0.23 0.26 0.25 0.26 0.16 
Drift ratio at Pmax 1% 3% 2% 3% 2% 
Drift ratio at critical 
strength drop 
1% (2nd 
cycle) 
3% (2nd 
cycle) 
3% (2nd 
cycle) 
4% (2nd 
cycle) 
3% (2nd 
cycle) 
Failure mode 
Flexure-
Shear 
Flexure-
Shear 
Flexure-
Shear 
Flexure-
Shear 
Flexure-
Shear 
Pn = calculated lateral load corresponding to the event of the extreme concrete compression fiber 
reaching the maximum allowable strain (taken as 0.003) 
Py = calculated lateral load corresponding to the onset of outmost bar yielding 
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Table 16 – Displacement ductility of the specimens 
Specimen GA2F0 GA2F1 SA2F1 SA2F2 SA3F2 
Yield displacement, 
dy (mm) 
9.6 12 11 9.0 13 
Displacement at 
0.8Pmax, du (mm) 
13 42 34 51 58 
Displacement 
ductility, du / δy 
1.3 3.5 3.2 5.7 4.6 
δy = measured displacement at the first yielding 
du = measured displacement at the point of a 20% strength drop from the peak load 
 
 
Table 17 – Damping factor 
1st cycle 
Drift 
ratio(%) 
0.125 0.375 0.5 0.67 0.83 1 1.17 1.33 1.5 1.67 1.83 2 
GA2F0 4.3 6.8 5.5 4.2 4.4 7.2 7.6 7.1 6.1 5.5 6.5 5.9 
 
Drift 
ratio(%) 0.25 0.5 0.75 1 1.25 1.5 2 3 4 5 
GA2F1 3.1 4.5 4.7 4.5 6.3 7.7 11.6 16.0 11.3 9.5 
SA2F1 4.3 5.0 5.2 6.0 6.9 7.7 10.9 14.1 13.7 13.7 
SA2F2 3.5 5.4 7.0 8.9 10.8 12.5 16.0 20.4 21.4 13.9 
SA3F2 5.6 7.0 10.0 11.8 14.5 16.5 19.5 23.2 19.1 
 
 
2nd cycle 
Drift 
ratio(%) 
0.125 0.375 0.5 0.67 0.83 1 1.17 1.33 1.5 1.67 1.83 2 
GA2F0 2.7 3.9 3.3 3.1 3.3 5.6 5.8 5.6 7.3 4.9 5.4 3.0 
 
Drift 
ratio(%) 0.25 0.5 0.75 1 1.25 1.5 2 3 4 5 
GA2F1 2.7 2.5 2.8 3.1 4.9 7.9 11.6 14.5 10.3 10.9 
SA2F1 2.6 2.8 3.2 4.0 5.5 7.7 10.1 13.0 12.7 14.9 
SA2F2 2.6 2.7 3.9 8.0 11.5 13.8 17.1 21.6 18.0 13.7 
SA3F2 3.2 3.6 7.4 12.5 15.4 17.6 21.5 17.1 22.0 
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